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The Snow Cover of the Earth
• Snow and sea ice are the most variable surface shapes
Source: NASA
Snow on Sea Ice
Insulator between 











Snow amplifies Sea Ice Properties
• Thermal conductivity:
Snow:      0.11 to 0.35 W m-1 K-1
Sea ice:   ca. 2.3 W m-1 K-1 × 10
D.K. Perovich (1996), The Optical Properties of Sea Ice
• Albedo: -0.45 ~ 4-fold energy entry
-0.10 ~ 2-fold energy entry











































Figure 1.4: Schematic of the mass budget of sea ice. The zoom-in resolves small-scale
processes at the snow/ice interface.
Southern Ocean primarily ice-growth processes at the sea-ice surface and melt processes
at the bottom, whereas the opposite is valid in the north due to a distinct seasonal cycle
of surface properties and a weak Arctic oceanic heat flux (3 to 4 Wm2, e.g. Huwald et al.
(2005); Perovich et al. (1997)).
1.4 Ongoing evolution of sea ice in both hemispheres
Sea-ice extent is the most common variable to describe the past and recent sea-ice cover
in the polar regions. From satellite-based passive microwave observations it is possible to
determine the sea-ice extent (defined as areal coverage with at least 15 % ice coverage)
for Arctic and Antarctic sea ice since 1979. During this observation period, a remarkable
trend of the sea-ice extent is examined, which proceeds contrary in the northern and
southern ice-covered ocean.
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Snow characterizes the Sea-Ice Cover
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General Characteristics of Snow
• Snowflakes
• Snow Metamorphism
• Snow Grain Types:
1. New and recent snow
2. Fine-grained snow
3. Wind slab
4. Faceted grains & depth hoar
5. Icy layers
6. Damp/wet snow and slush
Sturm et al. (1998), The winter snow cover of 
the West Antarctic pack ice: its spatial and 
temporal variability 
Sturm et al. (2002), Winter snow cover on the 
sea ice of the Arctic Ocean at the surface heat 























Warm and moist lows
Meteorology Turbulent fluxes, Dry and cold wind
Credit AWI-Sea ice physics
Arctic vs. Antarctic
Credit C. Haas, AWI
Contribution to Sea Ice Mass Balance
Dry snow Slush Snow ice Sea ice
Formation of 
snow ice (winter)
• Absorption of short-wave radiation
- Sub-surface warming / melting  
- Affecting biological processes  
  (PAR activity of algae and micro organisms)
Credit M. Nicolaus, AWI
Radar backscatter in both Polar Regions
































• Antarctic: strong increase => Melt-freeze cycles, superimposed ice




















Haas et al. (2001): The seasonal cycle of ERS scatterometer signatures 
over perennial Antarctic sea ice and associated surface ice properties and 
processes, Annals of Glaciology








fb > 0 fb > 0 fb < 0
Wet snow S a ice Sup. ice Gap layer
Formation of superimposed Ice (Summer)
Credit M. Nicolaus, AWI








fb > 0 fb > 0 fb < 0
Credit M. Nicolaus, AWI
Formation of superimposed Ice (Summer)
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Arctic Antarctic
Snow Climatology ✔ x
Few multi-seasonal studies ✔ x
Passive microwave snow depth product ✔ ✔
Ship-based Observations data set 
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FIG. 9. Mean snow depth for 1954–91 on multiyear sea ice at drifting stations for each month, in cm of geometric depth. A two-dimensional
quadratic function was fitted to all the data available for each month, irrespective of year. Coefficients for the fits are given in Table 1.
Warren et al. (1999): Snow Depth on Arctic Sea Ice 
Snow Climatology by Warren et al. (1999)JUNE 1999 1817W A R R E N E T A L .
FIG. 3. Number of snow lines measured at North Pole drifting
stations (upper number in each grid box), and number of Sever air-
plane landings providing snow depth reports in spring (lower num-
ber).
FIG. 4. Snow depth measured at 10-m intervals along two snow
lines at station NP-27. (a) In autumn, early in the accumulation sea-
son. (b) In spring. Here SD means standard deviation.
3 m from, but parallel to, the previous one. Measure-
ments were made on a snow line only when the snow
depth exceeded 5 cm and at least 50% of the area was
covered. In the remainder of this paper we will use
‘‘snow line’’ or ‘‘snow line measurement’’ to mean the
entire sequence of 50 or 100 snow depth readings along
a snow line.
A complete description of the snow measurements at
the NP stations is given by Radionov et al. (1996). The
snow depth and snow density data, as well as meteo-
rological data from these stations, are now available on
electronic media from the National Snow and Ice Data
Center (www-nsidc.colorado.edu); this dataset is de-
scribed by Colony et al. (1998). Radiosonde data from
these stations have also been archived, augmenting the
dataset described by Kahl et al. (1992).
When available, we use measurements on the snow
lines in preference to those at the stakes, for two reasons:
1) The snow lines cover a long enough track to obtain
a representative distribution of snow depths, passing
through sastrugi, snow dunes, and pressure ridges as
well as level snow. 2) Drifting of snow around the sta-
tion, and reduced albedo due to station activities, can
make the stake measurements unrepresentative of the
surrounding area.
Measurements of snow depth were also made during
the Sever program of airplane landings (Romanov 1996).
(Sever is the Russian word for north.) This program was
carried out from 1959 to 1988, only in spring; most of
the measurements were made in April. Landings were
made not only on the multiyear ice but also on seasonal
sea ice along the Siberian coast in regions not sampled by
the drifting NP stations. Snow depth is given by Romanov
not as an areal average but instead separately for each of
four categories of snow: snow on prevailing ice of the
landing area, sastrugi, drifts behind ridges, and average of
windward and leeward sides of hummocks.
Figure 3 shows the geographical distribution of NP
snow line measurements and Sever aircraft landings.
b. Sampling statistics
Examples of snow line measurements are shown in
Fig. 4 for 2 months: October, with thin snow cover early
in the accumulation season, and March, with deeper
snow. For both snow lines the number of measurements
is N 5 100, spaced at 10-m intervals. The spatial var-
iability increases as the winter progresses; on both snow
lines the standard deviation (SD) of snow depth is about
one-third of the mean. The deep snow at about one-third
of the way along the line in March is probably in a snow
dune or in a drift near a pressure ridge.
If we assume that successive 10-m values are inde-
pendent measurements (this assumption is justified be-
low), we can estimate the uncertainty of mean snow
depth as SD/N 1/2, which is 0.3 cm in October and 1.0
cm in March for this particular station. Somewhat larger
estimates are obtained by the following method, which
uses data from several 1000-m snow lines. A subset of
size Ns is drawn at random from the 100 snow depth
values on an individual snow line, and their depths are
averaged. The difference between this average and the
average of the complete set is the error due to inadequate
sampling. The experiment is repeated 20 times for the
same value of Ns, and the root-mean-square (rms) error
´ is obtained for that value of Ns for that snow line. The
rms error is plotted in Fig. 5 as a function of the size
of the subset Ns. Because the subsets are compared to
the mean of N 5 100 points rather than to the true mean
of an infinite number of points, ´ drops artificially to
zero at Ns 5 N, but lines of slope 20.5 adequately fit
Number of snow lines measured 
at North Pole drifting stations 
(upper number in each grid box), 
and number of aircraft landings 
providing snow depth reports in 
spring (lower number) 
NP-38
Warren et al. (1999): Snow Depth on Arctic Sea Ice, Journal Of Climate 
Source: R. Ricker
Interdecadal Changes in Snow Depth
Difference between IceBridge snow 
depth distribution and W99 
climatology 
modeling study by Hezel et al. [2012]
projected snow depths on Arctic sea
ice using the first-order effects of sea
ice freezeup dates and precipitation
rates. There was good agreement
between the IceBridge and modeled
snow depth distributions in the west-
ern Arctic, both in space and magni-
tude. The 2009–2013 IceBridge
average was 22.26 1.9 cm, while the
modeled 1981–2000 and 2081–2100
averages were 286 7 cm and
166 5 cm, respectively [Hezel et al.,
2012].
3.3. Accumulation Rates and
Freezeup
While there are numerous processes
that affect spring snow thickness on
Arctic sea ice, snow accumulation rates and the timing of sea ice freezeup directly affect spring snow thick-
ness the most; they are considered to have first-order effects on snow depth [Radionov et al., 1997; Hezel
et al., 2012]. The comparison between the CRREL IMB buoy and the Soviet ice station data showed no signif-
icant changes in monthly snow accumulation rates, with the exception of April (Figure 10). In April, the
Soviet station and IMB buoy data yielded accumulation rates of 3.36 1.1 and 0.66 0.4 cm/month, respec-
tively. The differences in accumulation rates for all other months were smaller than their standard errors
(Figure 10). Note that the large standard errors in the IMB buoy data are due to the sample size rather than
the quality of the buoy data; there were 8–17 IMB buoys per month for 2009–2013. The maximum snow
accumulation rates for the Soviet station and IMB buoy data occurred in September, and were 6.56 1.7 and
7.56 2.0 cm/month, respectively. The differences in snow accumulation rates, particularly the maximum
rates, were not large enough to explain the observed decrease in snow depths across the western Arctic. In
addition, the annual snow accumulations from the Soviet drifting ice stations and the IMB buoys were com-
parable with values of 30.16 3.2 and 28.56 3.9 cm, respectively (Figure 10). These results were also consist-
ent with multiple reanalysis products showing no trend in the 1981–2010 annual precipitation for our
region of study [Lindsay et al., 2014].
Figure 6. The radar echogram of Transect 2. The red line is the chosen snow-air
interface and the chosen black line is the chosen snow-ice interface. The area with
the green circle shows the !0–100 m region of Transect 2 where thin snow depths
were identified. The black box area shows where thick snow depths were chosen,





















Figure 7. The snow depth distribution resulting from the two-dimensional quadratic equation (equation (1)) fitted to the 1937, 1954–1991 (left) Soviet drifting ice station data and (right)
the 2009–2013 IceBridge snow depth products for March and April. Point measurements are indicated by the small circles; snow depths are indicated by color. The gray shading indi-
cates areas where no data are available.
Journal of Geophysical Research: Oceans 10.1002/2014JC009985
WEBSTER ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 5401
IceBridge snow depth fit 
(2009–2013) W99 fit (1937, 1954–1991)
Because maximum snow accumula-
tion rates occur in September and
sea ice freezeup is now trending later
in autumn in this r gion [Markus
et al., 2009], snow falls directly into
th ocean until sea ice forms, result-
ing in a thinner, cumulative snow
cover. The results of sea ice freezeup
dates and snow thickness distribu-
tions for the 2009–2013 and 1937,
1954–1991 periods are shown in Fig-
ure 11. The upper plots represent the
2009–2013 period with sea ice
freezeup in the left and snow depth
distribution in the right. We found a
good spatial match between sea ice
freezeup and snow thickness distribu-
tion, with a correlation coefficient of
20.68. The strong correlation indi-
cates that the delay in sea ice
freezeup may significantly contribute
to the decrease in snow depth.
Because the correlation coefficient is not exactly 21.0, it also indicates that other factors play a role,
such as changes in atmospheric patterns, sea ice motion and deformation, and snow redistribution.
The Beaufort and Chukchi seas exhibit later sea ice freezeup and thinner snow depths, which is con-
sistent with the shift to younger sea ice types in this region [Nghiem et al., 2007; Maslanik et al.,
2011]. The Lincoln Sea, being mostly composed of multiyear sea ice, has the earliest freezeup and the
thickest snow depths. The lower plots show the 1937, 1954–1991 period of sea ice freezeup and snow
thickness distribution. The sea ice freezeup and snow thickness distribution had a correlation coeffi-
cient of 20.23 for the 1979–1991 period. Note that sea ice freezeup for this period was calculated
based on the available satellite passive microwave record from 1979–1991, and the lack of data prior
to 1979 might possibly contribute
to the low correlation.
While earlier melt onset has substan-
tial effects on the surface albedo and
progression of melt in late spring and
early summer, it does not impact the
spring snow thickness as much as the
timing of sea ice freezeup. The melt
onset occurs in June for the western
Arctic and late May for the Beaufort
and Chukchi seas in 2009–2013 [Mar-
kus et al., 2009]. If we subtract the
May accumulations (Figure 10) due to
melt from the total accumulation,
and separately, subtract September
accumulations due to later freezeup
from the total, the loss of snow in
September is larger than the loss in
May, indicating that September snow
loss due to delayed freezeup has a
greater impact on the cumulative
snow accumulation than the snow



























Figure 8. The difference between the 2009–2013 IceBridge snow depth distribu-
tion and the W99 climatology. Red indicates that the snow cover has thinned
compared to the W99 snow climatology, white indicates no change in snow
depths, and blue represents an increase. The gray shading indicates areas where
no data are available.































-0.29 cm/year, p < 0.01
Figure 9. The decadal change in snow depth in spring. The anomalies were calcu-
lated using data from Soviet drifting ice stations (1950–1987), Ice Mass Balance
buoys (1993–2013), and the Operation IceBridge snow depth products (2009–2013).
The anomaly is the measurement minus the W99 multiyear average in spring at
that location. The average of the anomalies for each year is shown by black squares,
and the red line represents the trend in centimeters per year. For measurements
within the western Arctic only, the trend was 20.27 cm/yr with 99% significance.
Journal of Geophysical Research: Oceans 10.1002/2014JC009985
WEBSTER ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 5402
Webster et al. (2014): Interdecadal changes in 
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Warren et al. (1999): Snow Depth on Arctic Sea Ice, Journal Of Climate  





Dry Snow Snow surfacerefreezing
Surface
snowmelt
Characteristics of snowmelt from passive 
microwave satellite observations
• Diurnal variation in  
brightness temperatures, dTB  
EASE-Grid brightness temperature data (NSIDC), 
37 GHz, vertically polarized
• Cross-polarized ratio, XPR
• Further data set: 
Sea-ice concentration, SIC  
Bootstrap data (SSM/I)
SIC < 70%
Arndt et al. (2016): Timing and regional patterns of 
snowmelt on Antarctic sea ice from passive microwave 







Continuous time series of SIC > 70% for at least 21 days from 1 Oct onwards












• Temporary snowmelt shows a latitudinal dependence
• Continuous snowmelt is usually 17 days after 
temporary snowmelt onset observed 
Arndt et al. (2016)
Spatial Variability of Snowmelt Patterns
Passive Microwave Remote Sensing of 
Snow Depth - AMSR-E
Markus, T. and D. Cavalieri (1998): Snow Depth Distribution over Sea Ice in the 
Southern Ocean from Satellite Passive Microwave Data. IN: Antarctic Sea Ice: 
Physical Processes, Interactions, and Variability, Antarctic Research Series
15 March 2011
15 March 201115 Oct 2010
15 Oct 2010
National Snow & Ice Data Center (NSIDC)
http://nsidc.org/data
hs = 2.9 - 782 x GRV
GRV: Spectral gradient ratio 
corrected for the sea ice 
concentration
Coefficients derived from linear 




Markus and others: Freeboard, snow depth and sea-ice roughness in East Antarctica 243
Fig. 1. Comparison of snow depth on sea ice derived from the
SSM/I (Special Sensor Microwave/Imager) with in situ observations
from the ASPeCt dataset. Data from the East Antarctic are
shown in green. Data from elsewhere (Weddell Sea, Ross Sea,
Amundsen/Bellingshausen Seas) are shown in red. The two lines
represent the lines used for the current snow depth algorithm and
from an updated regression using the ASPeCt data.
others, 2008). However, a comparison of ICESat-retrieved
freeboards in the Antarctic with observations has not yet been
undertaken.
In this paper, we develop amethodology to compare in situ
measurements of snow and ice properties with satellite data
from ICESat, AMSR-E andQuikSCAT.While daily, continuous
information is available from AMSR-E and QuikSCAT, ICESat
and in situ data are much more limited in space and time.
To increase the number of coincident data points, we utilize
information on sea-ice drift and sea-ice convergence to
extrapolate the ICESat and in situ measurements in time.
2. DATASETS
2.1. In situ data
During ARISE the snow and ice measurements were
collected in three different ways:
Hourly ice and snow thickness measurements from the
ship (ice observations). Ice and snow thickness are
estimated from ice floes tipping on edge as the broken
floes move along the icebreaker’s side as measured
against a gauge (e.g. a buoy of known diameter near
the water level). Additionally, the sea-ice conditions
(concentration and thickness of various ice types) are
estimated visually for a radius of ∼500m following the
ASPeCt protocol (Worby and Allison, 1999).
On 12 ice stations at different locations, detailed snow
and ice properties along transects of 50–500m length
were collected. Snow and ice thickness, as well as
ice freeboard measurements, were taken every meter.
Additionally, every 50m snow pits yielded information
on snow stratigraphy and snow physical properties.
Random sampling, referred to as mini stations, using
helicopters on floes within the buoy array were used to
create representative large-scale statistics of snow depth
Fig. 2. Overview of measurements taken during the ARISE cruise.
AMSR-E and QuikSCAT data are available daily in a 12.5 km and a
25 km grid, respectively. All other data are available for a specific
day only.
and temperature. Each of these mini stations consisted of
20 snow depth and ice temperature measurements over
level ice and 20 measurements over rough sea ice or at
random locations. The distinction between smooth and
rough ice was made by visual assessment. A total of 97
mini stations were utilized. The positions of the buoys
also provide information on sea-ice drift and, through
the calculation of areas for each of the eight boxes,
information on sea-ice convergence/divergence.
The locations of all these measurements are shown in
Figure 2. Note that these in situ measurements were single
snapshots in time taken over the period of the ARISE
campaign.
2.2. Satellite data
Operational AMSR-E snow depth data are 5 day averages
on a 12.5 km polar stereographic grid (Comiso and others,
2003). For better temporal coincidence we calculated daily
snow depth using the AMSR-E Level 3 gridded bright-
ness temperatures following the algorithm of Markus and
Cavalieri (1998). The algorithm uses modified coefficients
developed for AMSR-E data to ensure consistency. The
functional form of the algorithm is
hs [cm] = 2.9− 783×GRice, (1)
where hs is snow depth and GRice is the spectral gradient
ratio of the AMSR-E 19 and 37GHz vertical-polarization
channels corrected for variations in sea-ice concentration.
The locations are indicated as black crosses in Figure 2.
Daily QuikSCAT backscatter data at both vertical and hori-
zontal polarization gridded to a 25 km grid were obtained
from Brigham Young University (http://www.scp.byu.edu/;
Long, 2000). These data are used below as a proxy for
large-scale surface roughness. The locations are indicated
as purple plus signs in Figure 2.
At the mini stations, snow depths were recorded separately
for smooth and for rough sea ice. We did not, however,
record an estimate of the areal fraction of those two ice
conditions. Gridcell fractions of rough and smooth ice are
Markus et al. (2011): Freeboard, snow depth and sea-ice roughness in East Antarctica from in situ 
and multiple satellite data, Annals of Glaciology 
• AMSR-E underestimates 
Snow Depth over rough 
sea ice 
• Comparison between in 
situ observations from 
Antarctic Sea Ice 
Processes and Climate 




Passive Microwave Remote Sensing of 
Snow Depth - AMSR-E
• Sea Ice,covered by a thick 
snow layer, is warmer than 
covered by a thinner snow 
layer
Maaß et al. (2014): Snow thickness retrieval over thick Arctic sea ice using SMOS satellite data, 
The Cryosphere 
Soil Moisture and Ocean Salinity (SMOS) satellite mission 
evaluates surface emissivity in L-Band
• Snow thickness estimation 
from horizontally polarized 
SMOS brightness 
temperatures over thick sea 
ice (>1-1.5 m) under cold 
conditions
Remote Sensing of Snow Depth - SMOS
1978 N. Maaß et al.: Snow thickness retrieval over thick Arctic sea ice using SMOS satellite data
Fig. 3.Horizontally polarised brightness temperature (incidence an-
gle ✓= 45 ) as it varies with ice thickness, snow thickness, sur-
face temperature, ice salinity, or snow density, respectively. The as-
sumed values, the variation ranges, and the corresponding changes
in brightness temperature are given in Table 1.
SMOS over thick Arctic sea ice depend on snow thickness
and whether there is a potential for retrieving snow thickness
from SMOS observations.
4 Comparison of brightness temperature simulations
and SMOS observations
We compare two different brightness temperature simula-
tions with brightness temperatures measured by SMOS. For
one simulation our emission model is applied to one ice layer
and the ice thickness information from IceBridge measure-
ments. In this simulation we neglect a potential snow cover.
For the other simulation our emission model is applied to
one layer of ice that is covered by one layer of snow; the
ice and snow layer thicknesses are taken from the IceBridge
measurements.
We simulate brightness temperatures for every SMOS grid
cell that contains at least 50 single IceBridge measurements.
For the simulations, we use the mean values of all IceBridge
ice and snow thickness measurements that are located within
the SMOS grid cell as model input for ice and snow thick-
ness. The bulk ice salinity for the SMOS grid cell is esti-
mated from the mean ice thickness using an empirical rela-
tionship between ice salinity and ice thickness in the Arctic
(Cox and Weeks, 1974). This empirical relationship was de-
termined for ice thicknesses up to 4m. For thicker ice we use
the value for 4m ice thickness, which is Sice = 1.5 gkg 1.
Ice and snow temperatures are estimated from the KT19 ice
surface temperatures measured during the IceBridge flight
campaign. For the snow-free simulations, we use the mean
value between the KT19 ice surface temperature and the wa-
ter temperature as model input for the ice temperature. For
the simulations that include a snow layer, we use equations
(11) and (13) to calculate ice and snow temperatures for
the model from KT19 ice surface temperatures. As model
input for ice concentration, we use ice concentrations that
have been retrieved from the 85GHz channel of SSMIS us-
ing the ARTIST Sea Ice (ASI) algorithm (Kaleschke et al.,
2001; Spreen et al., 2008). The ice concentration data are
given on a polar stereographic grid with 12.5 km grid resolu-
tion. The data are 5 day median filtered in order to mitigate
unrealistic short-term sea ice concentration variations due
to weather effects. For snow density we assume a value of
⇢snow = 320 kgm 3, which is a climatological average value
for the Arctic in March (Warren et al., 1999), and was also
used by Kurtz et al. (2013), for example. According to the
IceBridge surface temperatures, the campaign was conducted
under freezing conditions. Thus, we expect the ice to be cov-
ered by dry snow and assume a snow wetness ofW = 0% in
the model.
Because ice concentration and ice temperature have a large
influence on the modelled brightness temperatures, we in a
second comparison constrain the pixels with respect to (a)
ice concentration and (b) ice temperature. (a) The difference
between the brightness temperature of thick ice (for our pur-
poses: dice > 0.5m in the Arctic) and water is typically on
the order of 130K. For example, an error of only 5% in the
ice concentration would thus cause an error in the bright-
ness temperature of about 6.5K. The uncertainty of ASI ice
concentrations is higher for low ice concentrations than for
high ice concentrations. The theoretically expected standard
deviation of ice concentration is about 25% for ice concen-
trations around cice = 0%, about 13% for cice = 50%, and
about 6% for cice = 100% (Spreen et al., 2008). A compar-
ison with in situ data and high-resolution satellite data re-
vealed a standard deviation of almost 5% for ice concentra-
tions cice > 90% (Andersen et al., 2007). Thus, in a second
comparison, we consider only cases with an almost closed
ice cover and use only pixels with measured ice concentra-
tions cice   95%, and set the ice concentration in the model
to cice = 100%. (b) Because we do not know how reliable
the KT19 surface temperature information is, we perform
the simulations in the second comparison for a fixed sur-
face temperature. Therefore, we calculate the average sur-
face temperature from all KT19 measurements that are in-
cluded in our analysis. As model input for the surface tem-
perature, we then use this average value and include only
pixels with surface temperatures that are within one stan-
dard deviation of the average surface temperature. The aver-
age surface temperature for all pixels with ice concentrations
The Cryosphere, 7, 1971–1989, 2013 www.the-cryosphere.net/7/1971/2013/
• Sea Ice,covered by a thick 
snow layer, is warmer than 
covered by a thinner snow 
layer
N. Maaß et al.: Snow thickness retrieval over thick Arctic sea ice using SMOS satellite data 1977























Fig. 2. Brightness temperature of 4m thick snow-covered ice as a
function of snow thickness at horizontal polarisation at an incidence
angle ✓ = 45  (solid line) for an ice surface temperature of  30  C
(blue) and of 15  C (red). The dashed line indicates the brightness
temperature of snow-covered ice, when the thermal insulation by
snow is neglected.
surface temperatures (Tsurf = 15  C and Tsurf = 30  C).
Here, we consider horizontally polarised brightness temper-
atures at an incidence angle ✓ = 45 .
We find that, if we consider only the dielectric proper-
ties of snow, the thickness of the snow layer does not influ-
ence brightness temperatures in the considered range of snow
thicknesses (Fig. 2). However, if we take into account the
thermal insulation by snow, the brightness temperature in-
creases with increasing snow thickness. A thicker snow layer
has a higher insulation effect and thus the bulk ice temper-
ature under a thick snow layer is higher than under a thin
snow layer. In our investigations the brightness temperature
thus increases by 6.4K when the snow thickness increases
from 0 to 50 cm for Tsurf = 30  C. For higher temperatures
(Tsurf = 15  C), brightness temperature is less sensitive to
snow thickness, and the brightness temperature increases by
2.4K, when the snow thickness increases to 50 cm.
For thin ice, the sensitivities of brightness temperature to
ice thickness and to snow thickness are similar (not shown
here). Thus, we cannot distinguish between an increasing ice
and an increasing snow thickness. For thick ice (as compared
to the maximum retrievable ice thickness), the sensitivity of
brightness temperature to snow thickness is about an order
of magnitude higher than the sensitivity to ice thickness.
For Arctic applications, the sensitivity to snow thickness is
roughly ten times higher than the sensitivity to ice thickness
for ice thicknesses of more than approximately 1.5m. Thus,
we here focus on the influence of snow thickness on bright-
ness temperatures over relatively thick sea ice.
Figure 3 shows the sensitivity of brightness temperature
to surface temperature, ice thickness, ice salinity, and snow
Table 1. The ice parameters r influencing the brightness temper-
ature, their average values r (as used in Fig. 3 for all parameters
except for the one that is varied), the ranges in which the param-
eters are varied 1r , and the impact on the brightness temperature
1T B.
r r 1r 1T B [K]
dice 4m 2m 0.5
dsnow 20 cm 40 cm 5.6
Tsurf  33.15  C 4K 1.4
Sice 1.5 gkg 1 2 gkg 1 0.9
⇢snow 300 kgm 3 80 kgm 3 0.7
density, in comparison to the sensitivity to snow thickness
for the ice conditions encountered during the IceBridge cam-
paign (see Sect. 4). For this first estimation of sensitivity, we
assume constant average values for all model parameters ex-
cept for one, which is varied within a range of values. The
corresponding average values, the ranges in which the pa-
rameters are varied, and the impact on the brightness tem-
perature are given in Table 1. We consider the given ranges
to be representative for the uncertainties associated with the
parameters when these are estimated from satellite observa-
tions or a climatology, for example. The uncertainties would
be half of the ranges given here. For example, the uncer-
tainty of the MODerate Resolution Imaging Spectroradiome-
ter (MODIS) ice surface temperature product is given to be
1.2–1.3K (Hall et al., 2004), here we use 2K. Uncertainty in
snow density has been estimated to be 20 kgm 3 over multi-
year ice and 50 kgm 3 over first-year ice (Alexandrov et al.,
2011). As a first estimation we here use 40 kgm 3 for the
snow density’s uncertainty. We use an empirical relationship
between ice thickness and ice salinity (Cox andWeeks, 1974)
to account for the empirical covariance of these two parame-
ters in our simulations. The remaining parameters are varied
independently of each other, thus providing a simple mean
to estimate and to compare the different model parameters’
impact on brightness temperature. The impact of the snow
thickness, which is what we want to retrieve, is the high-
est (Table 1). When we apply the Gaussian error propaga-
tion formula, the sensitivities of brightness temperature to ice
thickness, surface temperature, ice salinity, and snow density
and their estimated uncertainties result in an uncertainty in
brightness temperature of 0.9K. For the snow thickness re-
trieval in the range of snow thicknesses 0–40 cm this leads
to a snow thickness uncertainty of 6.7 cm for the given ice
conditions.
In order to test the validity of our theoretical consid-
erations, in the following section, we simulate brightness
temperatures over snow-covered sea ice and compare these
brightness temperature simulations with SMOS brightness
temperature measurements. In the subsequent section, we
investigate whether brightness temperatures as observed by
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Soil Moisture and Ocean Salinity (SMOS) satellite mission 
evaluates surface emissivity in L-Band
• Snow thickness estimation 
from horizontally polarized 
SMOS brightness 
temperatures over thick sea 
ice (>1-1.5 m) under cold 
conditions
Remote Sensing of Snow Depth - SMOS
Ice thickness = 4 m
Remote Sensing of Snow Depth - SMOS
• Mean snow depth averaged over 14–31 March 2012, compared with 
IceBridge snow depth retrieval 1984 N. Maaß et al.: Snow thickness retrieval over thick Arctic sea ice using SMOS satellite data
Fig. 9. Snow thicknesses as retrieved from horizontally polarised
SMOS brightness temperatures vs. coincident snow thicknesses as
measured during the IceBridge campaign. Here, we show the results
for the simulation with ✓ = 15–50 , Tsurf = 38.15  C, ⇢snow =
260 kgm 3, dice = 4m, and Sice = 1.5 gkg 1 (simulation scenario
no. 6). The dashed line indicates the result, if we consider only snow
thicknesses for that the retrieval from SMOS brightness tempera-
tures gives snow thicknesses dsnow < 35 cm.
Thus, all coefficients of determination for horizontal po-
larisation are higher than for vertical polarisation, and most
of the root mean square deviations are lower at horizon-
tal polarisation. The ranges of values for both, the coeffi-
cients of determination and the root mean square deviations,
are smaller at horizontal than at vertical polarisation. If we
consider only pixels for that the retrieval from horizontally
polarised SMOS brightness temperatures gives snow thick-
nesses dsnow < 35 cm, the coefficients of determination in-
crease, and the root mean square deviations are between 5.5
and 11.8 cm, the average value being 7.5 cm (Table 3).
We choose the simulation scenario no. 6 to illustrate the
comparison between IceBridge and SMOS snow thicknesses.
This simulation scenario has the lowest root mean square de-
viation, when we consider only snow thicknesses retrieved
to be dsnow < 35 cm. In this simulation, the ice surface tem-
perature is assumed to be Tsurf = 37  C, the ice salinity
is Sice = 1.5 gkg 1, the ice thickness is dice = 4m, and the
snow density is ⇢snow = 320 kgm 3. We consider simula-
tions over the incidence angle range 15–50 , and we use
SMOS brightness temperatures averaged over three days.
The comparison for all snow thicknesses shows a good av-
erage agreement for snow thicknesses up to about 30–35 cm
and an overestimation of snow thicknesses, when the thick-
ness retrieval returns higher values (Fig. 9). The minimum
detectable snow thickness of the IceBridge snow radar is
about 5 cm (Kwok et al., 2011), thus there are no values be-
low 5 cm for the IceBridge snow thickness. The average Ice-
Fig. 10.Mean snow thickness field as retrieved from SMOS bright-
ness temperatures averaged over 14–31 March 2012. The dots show
IceBridge snow thicknesses, each averaged over 30 km of flight dis-
tance (if these contained at least 200 valid measurements).
Bridge snow thickness is dsnow = 23.5 cm, while the average
snow thickness from the SMOS retrieval is dsnow = 31.7 cm.
The coefficient of determination for the snow thicknesses
of this simulation scenario is r2 = 0.56, and the root mean
square deviation is 15.1 cm.
If we consider only snow thicknesses retrieved to be
dsnow < 35 cm, the coefficient of determination for the snow
thicknesses of this simulation scenario is r2 = 0.61, and the
root mean square deviation is 5.5 cm. The average IceBridge
snow thickness is dsnow = 19.9 cm, and the average snow
thickness from the SMOS retrieval is dsnow = 20.0 cm. Thus,
the average snow thicknesses differ by only 0.1 cm.
We use the parameter settings of the above described sim-
ulation to produce a first snow thickness map for the Arc-
tic and to compare the spatial distributions of the snow
thicknesses as measured during the IceBridge campaign and
as obtained from the SMOS snow thickness retrieval from
brightness temperatures averaged over 14 to 31 March 2012
(Fig. 10). In accordance with the IceBridge measurements,
this first SMOS snow thickness map reveals a thinner snow
cover in the Canadian Arctic (about 130 to 180 W longi-
tude), and a thicker snow cover towards the coast of Green-
land (about 0 to 120 W).
6 Summary and discussion
In this study, we used an emission model developed by Burke
et al. (1979) and empirical relationships for the ice and snow
permittivities to calculate L-band brightness temperatures of
snow-covered sea ice. When we assume values for the ice
surface temperature and the ice salinity, the emission model
describes the brightness temperature of a slab of ice above
a semi-infinite layer of water as a function of the ice thick-
ness. Additionally, a snow layer with a certain density (and
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Figure 1. Distribution of modeled snow depth (left panels) compared to the NASA-OIB 
snow depth for three transects for a day in March, 2011, 2012 and 2013 (central 
panels). Point comparison (28 km averages in OIB data) of mean grid cell model snow  
depth (right panels).     
Model configuration and experimental set up 
Motivation 
We use the Massachusetts Institute of Technology general circulation model 
(MITgcm), 0.25 deg horiz. res. Two open boundaries (North Atlantic and 
Pacific), coupled to a dynamic-thermodynamic sea-ice model (viscous-plastic 
rheology and zero-layer thermodynamics). Prescribed sea-ice thickness 
distribution with 15 sea-ice thickness classes generated from historical 
airborne EM measurements (Castro-Morales et al., 2014). Constant snow 
density (330 kg m-3), thermal conductivity (0.31 W m−1 K−1) and albedo (dry 
snow 0.84, wet snow 0.7). Single snow layer accumulated on top of the sea 
ice, proportional snow accumulation to the ice thickness classes.  
 
Simulations: Spin up with COREv2 (1948-1978), followed by a run forced by 
ERAInterim (1979-2013); two experiments were set: 
 
1)  “std” – standard configuration with monthly and daily output, 
2)  “ppclim” – std but the model was driven with a total precipitation 
climatology for ERAInterim from 1979-2013. This removes potential 
temporal trends in the reanalysis precipitation field.  
The snow cover on sea ice is an effective regulator of heat and energy fluxes 
in the ice-ocean-atmosphere system due to its physical and thermal 
properties. In the context of the Arctic sea-ice extent decline, the Arctic snow 
depth (hs) is also subject to substantial changes due to a warming climate. A 
reduction in hs will contribute to a positive ice albedo feedback mechanism. 
An earlier seasonal snow melt period will allow longer bare ice exposure to 
solar radiation, and decrease of surface albedo, increasing the energy 
absorption by the surface ocean and ultimately increasing the surface 
temperature. The present state and variability of the depth of snow and its 
distribution is also relevant for airborne and space-borne sea-ice thickness 
retrievals. In this work we evaluate the contemporary changes in Arctic snow 
  at a regional scale using a regional model configuration for the Arctic Ocean. 
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Figure 2. a) Point comparison of hs_OIB against (hs_mod-hs_OIB) for OIB data collected during 38 
days from 2009 to 2013. The geographical location of the OIB flights to which these data is 
obtained from is shown in the inset map, b) latitudinal distribution of RMSE (cm) calculated for 
the relation between hs_mod and hs_OIB.   
The model sea-ice thickness (hi_mod) is overestimated at lats. >76° N 
during March and April compared to the OIB sea-ice thickness (hi_OIB)
(Figs. 3a and 3b) likely due to model tuning parameters rather than to the 
influence of hs_mod. As a result, we observe a steep gradient of hr_mod with 
latitude (Fig. 3c). hr_OIB has no latitudinal trend possibly due to hi_OIB 
overestimation >76° N and a general underestimation of hs_OIB (Kwok and 
Hass, 2015) . 
The model snow depth (hs_mod) was compared against the snow depth radar 
measurements from the NASA-Operation IceBridge (hs_OIB) (Kurtz et al., 2013) 
done between 2009 to 2013. hs_OIB data was averaged to 28 km to match the 
model grid resolution.  
-  Good agreement between hs_mod and hs_OIB (Figure 1).  
-  On average, hs_mod > hs_OIB by 3 cm (> 76° N).  
-  Latitudinal distribution hs_diff = hs_mod-hs_OIB, is 3.0±8.8 cm latitudes >76° N and 
1.1±7.9 cm for latitudes between 67° N and 76° N (Figure 2a)  
-  The root mean square error between hs_mod and hs_OIB shows no clear 
latitudinal trend (Figure 2b) 
 
Using results from simulation “ppclim”: 
 
 
     
   hs,     model snow depth      hs(as),  snow loss due to heat transfer         
                      Sources      between atmosphere and snow 
   hs(sf),  snowfall rate (9.4 cm swe a-1)                   hs(os),  snow loss due to heat transfer 
   hs(r),    residual term (snow accumulation            between the ocean and snow 
   in leads, wind redistributed, blowing                   hs(f),   loss of snow by flooding   
   snow sublimation)                                    hs(ad), loss of snow by advection 
Contribution to the mean snow accumulation in a year: hs(sf) 22 %, hs(r) 78 % 
Contribution to the mean snow loss in a year: hs(as) 65 %, hs(os) 4.8 %, hs(f) 4.6 
  %, hs(ad) 0.005 %. 
ℎ! = ℎ!(!") + ℎ!(!") + ℎ!(!") + ℎ! ! + ℎ! !" + ℎ! ! !
%%
Latitude





































































hr OIB = hi OIB / hs OIB

































































































hr OIB = hi OIB / hs OIB










































































hr OIB = hi OIB / hs OIB




Figure 3. Latitudinal distribution of the mean 
snow depth (cm) and sea-ice thickness (m) 
for: a) OIB data, and b) daily model output. 
Mean values calculated for a given range of 
latitudes; c) latitudinal distribution of the sea 
ice/snow ratio for the OIB data (hr_OIB) and for 
the model data (hr_mod). 
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Latitudinal sea-ice thickness and snow depth distribution 
Snow mass budget 
Figure 4. Terms of the simplified snow mass budget: a) Snow sources (hs(sources) = hs(sf) + 
hs(r)) together with the total resulting snow depth from the model (hs), b)  Snow sinks 





































































Figure 5. a) Mean multi-year April snow depth (m) (hs_mean) from 2000 to 2013, mean 
snow depth anomaly for: b) april 2000 - hs_mean, and c) april 2013 - hs_mean.   
%%
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Despite the simple snow parameterization, the model is capable to represent 
Arctic snow depth realistically for its depth and inter annual variability. By 
2013, the Arctic hs decreased 21 % with respect to the last decade multi-
annual mean mainly in first-year ice dominated areas. 65 % of the yearly 
accumulated snow is lost by sublimation and snowmelt due to the heat 
transfer between the snow/ice interface and the atmosphere. Snow 
representation can improve by adding snow redistribution processes, 
  specially in leads. 
We calculated the snow depth anomaly as the difference between hs_mean 
(April mean multi-year hs_mod from 2000 to 2013, Fig. 5a) and the April hs_mod 
for 2000 (hs_00) and 2013 (hs_13). After 13 years, snow depth anomaly shows 
a decrease to −3.8 cm (21 %) mainly occurring in April with only the central 
Canadian Basin with a slight decrease in snow depth of less than 5 cm (Fig. 
5c). This difference is one order of magnitude bigger than the change of 
snow for 2000 by −0.34 cm (1.8 %) (Fig. 5b).  
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Figure 1. Distribution of modeled snow depth (left panels) compared to the NASA-OIB 
snow depth for three transec s f r a day in March, 2011, 2012 and 2013 (central 
panels). Point comparison (28 km averages in OIB data) of mean grid cell model snow  
depth (right panels).     
Model configuration and experimental set up 
Motivati n 
We use the Massachusetts Institute of Technology general circulation model 
(MITgcm), 0.25 deg horiz. res. Two open boundaries (North Atlantic and 
Pacific), coupled to a dynamic-thermodynamic sea-ice model (viscous-plastic 
rheology and zero-layer thermodynamics). Prescribed sea-ice thickness 
distribution with 15 sea-ice thickness classes generated from historical 
airborne EM measurements (Castro-Morales et al., 2014). Constant snow 
density (330 kg m-3), thermal conductivity (0.31 W m−1 K−1) and albedo (dry 
snow 0.84, wet snow 0.7). Single snow layer accumulated on top of the sea 
ice, proportional snow accumulation to the ice thickness classes.  
 
Simulations: Spin up with COREv2 (1948-1978), followed by a run forced by 
ERAInterim (1979-2013); two experiments were set: 
 
1)  “std” – standard configuration with monthly and daily output, 
2)  “ppclim” – std but the model was driven with a total precipitation 
climatology for ERAInterim from 1979-2013. This removes potential 
temporal trends in the reanalysis precipitation field.  
The snow cover on sea ice is an effective regulator of heat and energy fluxes 
in the ice-ocean-atmosphere system due to its physical and thermal 
properties. In the context of the Arctic sea-ice extent decline, the Arctic snow 
depth (hs) is also subject to substantial changes due to a warming climate. A 
reduction in hs will contribute to a positive ice albedo feedback mechanism. 
An earlier seasonal snow melt period will allow longer bare ice exposure to 
solar radiation, and decrease of surface albedo, increasing the energy 
absorption by the surface oce n and ultimately incr sing the surface 
temperature. The present state and variability of the depth of snow and its 
distribution is also relevant for airborne and space-borne sea-ice thickness 
retrievals. In this work we evaluate the contemporary changes in Arctic snow 
  at a regional scale using a regional model configuration for the Arctic Ocean. 
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Figure 2. a) Point comparison of hs_OIB against (hs_mod-hs_OIB) for OIB data collected during 38 
days from 2009 to 2013. The geographical location of the OIB flights to which these data is 
obtained from is shown in the inset map, b) latitudinal distribution of RMSE (cm) calculated for 
the relation between hs_mod and hs_OIB.   
The model sea-ice thickness (hi_mod) is overestimated at lats. >76° N 
during March and April compared to the OIB sea-ice thickness ( i_OIB)
(Figs. 3a and 3b) likely due to model tuning parameters rat er than to the 
influence of hs_mod. As a result, we observe a steep gradient of hr_mod with 
latitude (Fig. 3c). hr_OIB has no latitudinal trend possibly due to hi_OIB 
overestimation >76° N and a general underestimation of hs_OIB (Kwok and 
Hass, 2015) . 
The model snow depth (hs_mod) was compared against the snow depth radar 
measurements from the NASA-Operation IceBridge (hs_OIB) (Kurtz et al., 2013) 
done between 2009 to 2013. hs_OIB data was averaged to 28 km to match the 
model grid resolution.  
-  Good agreement between hs_mod and hs_OIB (Figure 1).  
-  On average, hs_mod > hs_OIB by 3 cm (> 76° N).  
-  Latitudinal distribution hs_diff = hs_mod-hs_OIB, is 3.0±8.8 cm latitudes >76° N and 
1.1±7.9 cm for latitudes between 67° N and 76° N (Figure 2a)  
-  The root mean square error between hs_mod and hs_OIB shows no clear 
latitudinal trend (Figure 2b) 
 
Using results from simulation “ppclim”: 
 
 
     
   hs,     model snow depth      hs(as),  snow loss due to heat transfer         
                      Sources      between atmospher  nd snow 
   hs(sf),  snowfall rate (9.4 cm swe a-1)                   hs(os),  snow loss due to heat transfer 
   hs(r),    residual term (snow accumulation            between the ocean and snow 
   in leads, wind redistributed, blowing                   hs(f),   loss of snow by flooding   
   snow sublimation)                                    hs(ad), loss of snow by advection 
Contribution to the mean snow accumulation in a year: hs(sf) 22 %, hs(r) 78 % 
Contribution to the mean snow loss in a year: hs(as) 65 %, hs(os) 4.8 %, hs(f) 4.6 
  %, hs(ad) 0.005 %. 
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Figure 3. Latitudinal distribution of the mean 
snow depth (cm) and sea-ice t ickness (m) 
for: a) OIB data, and b) daily model output. 
Mean values calculated for a given range of 
latitudes; c) latitudinal distribution of the sea 
ice/snow ratio for the OIB data (hr_OIB) and for 
the model data (hr_mod). 
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Latitudinal sea-ice thickne s and snow epth distribution 
Snow mass budget 
Figure 4. Terms of the simplified snow mass budget: a) Snow sources (hs(sources) = hs(sf) + 
hs(r)) together with the total resulting snow depth from the model (hs), b)  Snow sinks 





































































Figure 5. a) Mean multi-year April snow depth (m) (hs_mean) from 2000 to 2013, mean 
snow depth anomaly for: b) april 2000 - hs_mean, and c) april 2013 - hs_mean.   
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Despite the simple snow parameterization, the model is capable to represent 
Arctic snow depth realistically for its depth and inter annual variability. By 
2013, the Arctic s decreased 21 % with respect to the last dec de multi-
annual mean mainly in first-year ice dominated ar as. 65 % of the ye rly 
accumulated snow is lost by sublimation and snowmelt due to the heat 
transfer between the snow/ice interface and the atmosphere. Snow 
representation can improve by adding snow redistribution processes, 
  specially in leads. 
We calculated the snow depth anomaly as the difference between hs_mean 
(April mean multi-year hs_mod from 2000 to 2013, Fig. 5a) and the April hs_mod 
for 2000 (hs_00) and 2013 (hs_13). After 13 years, snow depth anomaly shows 
a decrease to −3.8 cm (21 %) mainly occurring in April with only the central 
Canadian Basin with a slight decrease in snow depth of less than 5 cm (Fig. 
5c). This difference is one order of magnitude bigger than the change of 
snow for 2000 by −0.34 cm (1.8 %) (Fig. 5b).  
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Figure 1. Distribution of modeled snow depth (left panels) compared to the NASA-OIB 
snow depth for three transects for a ay in March, 2011, 2012 and 2013 (central 
panels). Point comparison (28 km averages i  OIB data) of mean grid cell model snow  
depth (right panels).     
Model confi uration and experiment l set up 
Motivation 
We use the Massachusetts Institute of Technology general circulation model 
(MITgcm), 0.25 deg horiz. res. Two open boundaries (North Atlantic and 
Pacific), coupled to a dynamic-thermodynamic sea-ice mod l (viscous-plastic 
rheology and zero-layer thermodynamics). Prescribed sea-ice thickness 
distribution with 15 sea-ice thickness classes generated from historical 
airborne EM measurements (Castro-Morales et al., 2014). Constant snow 
density (330 kg m-3), thermal conductivity (0.31 W m−1 K−1) and albedo (dry 
snow 0.84, wet snow 0.7). Single snow layer accumulated on top of the sea 
ice, proportional snow accumulation to the ice thickness classes.  
 
Simulations: Spin up with CO Ev2 (1948-1978), followed by a run forced by 
ERAInterim (1979-2013); two experiment  wer  set: 
 
1)  “std” – standard configuration with monthly and daily output, 
2)  “ppclim” – std but the model was driven with a total precipitation 
climatology for ERAInterim from 1979-2013. This removes potential 
temporal trends in the reanalysis precipitation field.  
The snow cover on sea ice is an effective regulator of heat and energy fluxes 
in the ice-ocean-atmosphere system due to its physical and th rmal 
propertie . In the context of the Arctic sea-ice extent decline, the Arctic snow 
depth (hs) is also subject to substantial ch ges due to  warming climate. A 
reduction in hs will contribute to a positive ice lbedo feedback mechanism. 
An earlier seasonal snow melt period will allow longer b r  ice exposure to 
solar radiation, and decrease of surf ce albedo, incr asing the energy
absorption by the surface ocean and ulti ately increasi g the surface 
temperature. The present state and variability of the depth of snow and its 
distribution is also relevant for airborne and space-borne sea-ice thickness 
retrievals. In this work we evaluate the contemporary changes in Arctic snow 
  at a regional scale using a regional model configuration for the Arctic Ocean. 
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Figure 2. a) Point comparison of hs_OIB against (hs_mod-hs_OIB) for OIB data collected during 38 
days from 2009 to 2013. The geographical location of the OIB flights to which these data is 
obtained from is shown in the inset map, b) latitudinal distribution of RMSE (cm) calculat  for 
the relation between hs_mod and hs_OIB.   
The mod l s a-ice thi kness (hi_mod) is overestimat d t lats. >76° N 
during March and April comp red to th  OIB sea-ice thickness (hi_OIB)
(Figs. 3a nd 3b) likely due to model tuning parameters rather th n to the 
influence of hs_mod. As a result, we observe a steep gradient of hr_mod with 
latitude (Fig. 3c). hr_OIB has no latitudinal trend possibly due to hi_OIB 
overestimation >76° N and a general underestimation of hs_OIB (Kwok and 
Hass, 2015) . 
The model snow d pth (hs_mod) was compared against th  snow depth radar 
measurements from the NASA-Operation IceBridge (hs_OIB) (Kurtz et al., 2013) 
done between 2009 to 2013. hs_OIB data was averaged to 28 km to match the 
model grid resolution.  
-  Good agree ent between hs_mod and hs_OIB (Figure 1).  
-  On averag , hs_mod > hs_OIB by 3 cm (> 76° N).  
-  Lati udinal distribution hs_diff = hs_mod-hs_OIB, is 3.0±8.8 cm latitudes >76° N and
1.1±7.9 cm for latitudes between 67° N and 76° N (Figure 2a)  
-  The root mean square error between hs_mod and hs_OIB shows no clear 
latitudinal trend (Figure 2b) 
 
Using results from simulation “ppclim”: 
 
 
     
   hs,     model snow depth hs(as), snow loss due to heat transfer         
                      Sources      between atmosphere and snow 
   hs(sf),  snowfall rate (9.4 cm swe a-1)                   hs(os),  snow loss due to heat transfer 
   hs(r),    residual term (snow accumulation            between the ocean and snow 
   in leads, wind r di tributed, blowing                   hs(f),   lo s of n w by flooding   
   snow sublimation)                                    hs(ad), lo s of snow by advection 
Contribution to the mean snow accumulation in a year: hs(sf) 22 %, hs(r) 78 % 
Contribution to the mean snow loss in a year: hs(as) 65 %, hs(os) 4.8 %, hs(f) 4.6 
  %, hs(ad) 0.005 %. 
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Figure 3. Latitudinal distribution of the mean 
snow depth (cm) and sea-ice thickness (m) 
for: a) OIB data, and b) daily model output. 
Mean values calculated for a given range of 
latitudes; c) latitudinal distribution of the se  
ice/snow ratio for the OIB data (hr_OIB) and for 
the model data (hr_mod). 
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Latitudinal sea-ice thickness and snow dep h distribution 
Snow mass budget 
Figure 4. Terms of the simplified snow mass budget: a) Snow sources (hs(sources) = hs(sf) + 
hs(r)) together with the total resulting snow epth from the model (hs), b)  Snow sinks 





































































Figure 5. a) Mean multi-year April snow depth (m) (hs_mean) from 2000 to 2013, mean 
snow depth anomaly for: b) april 2000 - hs_mean, and c) april 2013 - hs_mean.   
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Snow depth decadal changes 
Conclusions 
Sink   
a b 
Despite the simple snow parameterization, the model is capable to represent 
Arctic snow depth realistically for its depth and inter annual variability. By 
2013, the Arcti hs d crea  21 % with respect to the last decade multi-
annual mean mainly in first-year ice dominated areas. 65 % of the yearly 
ccumulat d sn w is los  by sublimation and snowmelt due to the heat 
transfer between the snow/ice interface and the atmosphere. Snow 
representation can improve by adding snow redistribution processes, 
  specially in leads. 
We calculated the snow depth anomaly as the difference between hs_mean 
(April mean multi-ye r hs_mod from 2000 to 2013, Fig. 5a) and the April hs_mod 
for 2000 (hs_00) and 2013 (hs_13). After 13 ye rs, snow depth omaly shows 
a d crease to −3.8 cm (21 %) ainly occurring in April with only the central 
Canadian Basin with a slight decrease in snow depth of less than 5 cm (Fig. 
5c). This difference is one order of magnitude bigger than the change of 
snow for 2000 by −0.34 cm (1.8 %) (Fig. 5b).  
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Figure 1. Distribution of modeled snow depth (l ft panels) compare to the NASA-OIB 
snow dep h for three transects for a day in M rch, 2011, 2012 an  2013 (central 
anels). Poi t comparison (28 km averages in OIB data) of mean grid cell model snow  
depth (right panels).     
Model configurati n and xperimental set up 
Motivation 
We use the Massachusetts Institute of Technology gene al circulation model 
(MITgcm), 0.25 deg horiz. r s. Two open b ndaries (North Atlantic and 
Pacific), c upl d to a dynamic-thermodynamic sea-ice model (viscous-plastic 
rheology and zero-l yer t ermodynamics). Pre cribed sea-ice thi kness 
distribution with 15 sea-ice thickness classes generated from historical 
airborne EM easure ents (Castro-Morales et al., 2014). Constant snow 
density (330 kg m-3), thermal conductivity (0.31 W m−1 K−1) and albedo (dry 
snow 0.84, wet snow 0.7). Single snow layer accumulat d on top of the sea 
ice, pr portional now accumulation to t e ice thickn ss classes.  
 
Simulations: Spin up with COREv2 (1948-1978), followed by a run forced by 
ERAInterim (1979-2013); two experiments were set: 
 
1)  “std” – standard configuration with monthly and daily output, 
2)  “ppclim” – std but the model was driven with a total precipitation 
climatology for ERAInterim from 1979-2013. This removes potential 
temporal trends in the reanalysis precipitation field.  
The snow cover on sea ice is an effective regulator of heat and energy fluxes 
in the ice-ocean-atmosphere system due to its physical and thermal 
properties. In the context of the Arctic sea-ice extent declin , the Arctic snow 
dept  (hs) is also subject to subst ntial changes due to  warming climate. A 
reductio in hs will contribute to a positiv ice albedo feedback mechanism. 
An earlier seasonal snow melt period wi l allow longe  bar ice exposure to 
sola  radiation, an  d rease of surface albedo, incre sing the energy 
bsorpti  by th  surfac  ocean and ultimately increasing the surface 
temperature. The present state and variability of the depth of snow and its 
distribution is also relevant for airborne and space-borne sea-ice thickness 
retrievals. In this work we ev luate the contemporary changes in Arctic snow 
  at a regional scale using a regional model configuration for the Arctic Ocean. 
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Figure 2. a) Point comparison of hs_OIB against (hs_mod-hs_OIB) for OIB data collected during 38 
days from 2009 to 2013. The geographical location of the OIB flights to w ich these data is 
obtained from is shown in the inset map, b) latitudinal distribution of RMSE (cm) calculated for 
the relation between hs_mod and hs_ IB.   
The model sea-ice thickness (hi_mod) is overestimated at lats. >76° N 
during March and April compared to the OIB sea-ice thickness (hi_OIB)
(Figs. 3a and 3b) likely due to model tuning parameters rather than to the 
influence of hs_mod. As a result, we observe a steep gradient of hr_mod with 
latitude (Fig. 3c). hr_OIB has no latitudinal trend possibly due to hi_OIB 
overestimation >76° N and a general underestimation of hs_OIB (Kwok and 
Hass, 2015) .
The model snow depth (hs_mod) was compared against the snow depth radar 
measurements from the NASA-Operation Ic Bridge (hs_OIB) (Kurtz et al., 2013) 
done b tween 2009 to 2013. hs_OIB d ta was averaged to 28 km to match the 
model grid resolution.  
-  Good agreem nt between hs_mod and hs_OIB (Figure 1).  
-  On average, hs_mod > hs_OIB by 3 cm (> 76° N).  
-  Latitu inal distribution hs_diff = hs_mod-hs_OIB, is 3.0±8.8 cm latitudes >76° N and 
1.1±7.9 cm for latitudes between 67° N and 76° N (Figure 2a)  
-  The root mean squa e error between hs_mod and hs_OIB sh w  no clear 
latitudinal trend (Figure 2b) 
 
Using results from simulation “ppclim”: 
 
 
     
   hs,     mo el snow depth      hs(as),  snow loss due to heat transfer         
                 Sources     between atmo phere and snow 
   hs(sf),  snowfall rate (9.4 cm swe a-1)                hs(os),  snow loss due to heat transfer 
  hs(r),   residual term (snow accumulation          between the ocean and snow 
  in lea s, w nd redistributed, blowing              hs(f),   loss of snow by flooding   
   snow sublimation)                                    hs(ad), loss of snow by advection 
C tribution to he mean snow ccumulation in a year: hs(sf) 22 %, hs(r) 78 % 
C tribution to the mean now loss in a year: hs(as) 65 %, hs(os) 4.8 %, hs(f) 4.6 
  %, hs(ad) 0.005 %. 
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Figure 3. Latitudinal distribution of the mean 
snow depth (cm) and sea-ice thickness (m) 
for: a) OIB data, and b) daily model output. 
Mean values c lculated for a given range of 
latitudes; c) latit dinal distribution of the sea 
ice/snow ratio for the OIB data (hr_OIB) and for 
the model data (hr_mod). 
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Latitudinal sea-ice thickness and snow depth distribution 
Snow mass budget 
Figure 4. Terms of the simplified snow mass budget: a) Snow sources (hs(sources) = hs(sf) + 
hs(r)) together with the total resulting snow depth from the model (hs), b)  Snow sinks 





































































Figure 5. a) Mean multi-year April snow depth (m) (hs_mean) from 2000 to 2013, mean 
snow depth anomaly for: b) april 2000 - hs_mean, and c) april 2013 - hs_mean.   
%%
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Despite the simple snow parameterization, the model is capable to represent 
Arctic snow depth realistically for its depth and inter annual variability. By 
2013, the Arctic hs decreased 21 % with respect to the last decade multi-
annual mean mainly in first-year ice dominated areas. 65 % of the yearly 
ccumulated snow is lost y sublimation and snowmelt due to the heat 
transfer betw en the snow/ic  int rface and the atmosphere. Snow 
representation can improve by adding snow redistribution processes, 
 specially in leads. 
We calculated the snow depth anomaly as the difference between hs_mean 
(April mean multi-year hs_mod from 2000 to 2013, Fig. 5a) and the April hs_mod 
for 2000 (hs_00) and 2013 (hs_13). After 13 years, sno  dept  anomaly shows 
a ecrease to −3.8 cm (21 %) mainly occurrin  in April with only the central 
Canadian Basin with a slight decrease in snow depth of less than 5 cm (Fig. 
5c). This difference is one order of magnitude bigger than the change of 
snow for 2000 by −0.34 cm (1.8 %) (Fig. 5b).  
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Figure 1. Distribution of modeled snow depth (left panels) compared to the NASA-OIB 
snow depth for three transects for a day in March, 2011, 2012 and 2013 (central 
panels). Point comparison (28 km averages in OIB data) of mean grid cell model snow  
depth (right panels).     
Model configuration and experimental set up 
Motivation 
We use the Massachusetts Institute of Technology general circulation model 
(MITgcm), 0.25 deg horiz. res. Two open boundaries (North Atlantic and 
Pacific), coupled to a dynamic-thermodynamic sea-ice model (viscous-plastic 
rheology and zero-layer thermodynamics). Prescribed sea-ice thickness 
distribution with 15 sea-ice thickness classes generated from historical 
airborne EM measurements (Castro-Morales et al., 2014). Constant snow 
density (330 kg m-3), thermal conductivity (0.31 W m−1 K−1) and albedo (dry 
snow 0.84, wet snow 0.7). Single snow layer accumulated on top of the sea 
ice, proportional snow accumulation to the ice thickness classes.  
 
Simulations: Spin up with COREv2 (1948-1978), followed by a run forced by 
ERAInterim (1979-2013); two experiments were set: 
 
1)  “std” – standard configuration with monthly and daily output, 
2)  “ppclim” – std but the model was driven with a total precipitation 
climatology for ERAInterim from 1979-2013. This removes potential 
temporal trends in the reanalysis precipitation field.  
The snow cover on sea ice is an effective regulator of heat and energy fluxes 
in the ice-ocean-atmosphere system due to its physical and thermal 
properties. In the context of the Arctic sea-ice extent decline, the Arctic snow 
depth (hs) is also subject to substantial changes due to a warming climate. A 
reduction in hs will contribute to a positive ice albedo feedback mechanism. 
An earlier seasonal snow melt period will allow longer bare ice exposure to 
solar radiation, and decrease of surface albedo, increasing the energy 
absorption by the surface ocean and ultimately increasing the surface 
temperature. The present state and variability of the depth of snow and its 
distribution is also relevant for airborne and space-borne sea-ice thickness 
retrievals. In this work we evaluate the contemporary changes in Arctic snow 
  at a regional scale using a regional model configuration for the Arctic Ocean. 
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Figure 2. a) Point comparison of hs_OIB against (hs_mod-hs_OIB) for OIB data collected during 38 
days from 2009 to 2013. The geographical location of the OIB flights to which these data is 
obtained from is shown in the inset map, b) latitudinal distribution of RMSE (cm) calculated for 
the relation between hs_mod and hs_OIB.   
The model sea-ice thickness (hi_mod) is overestimated at lats. >76° N 
during March and April compared to the OIB sea-ice thickness (hi_OIB)
(Figs. 3a and 3b) likely due to model tuning parameters rather than to the 
influence of hs_mod. As a result, we observe a steep gradient of hr_mod with 
latitude (Fig. 3c). hr_OIB has no latitudinal trend possibly due to hi_OIB 
overestimation >76° N and a general underestimation of hs_OIB (Kwok and 
Hass, 2015) . 
The model snow depth (hs_mod) was compared against the snow depth radar 
measurements from the NASA-Operation IceBridge (hs_OIB) (Kurtz et al., 2013) 
done between 2009 to 2013. hs_OIB data was averaged to 28 km to match the 
model grid resolution.  
-  Good agreement between hs_mod and hs_OIB (Figure 1).  
-  On average, hs_mod > hs_OIB by 3 cm (> 76° N).  
-  Latitudinal distribution hs_diff = hs_mod-hs_OIB, is 3.0±8.8 cm latitudes >76° N and 
1.1±7.9 cm for latitudes between 67° N and 76° N (Figure 2a)  
-  The root mean square error between hs_mod and hs_OIB shows no clear 
latitudinal trend (Figure 2b) 
 
Using results from simulation “ppclim”: 
 
 
     
   hs,     model snow depth      hs(as),  snow loss due to heat transfer         
                      Sources      between atmosphere and snow 
   hs(sf),  snowfall rate (9.4 cm swe a-1)                   hs(os),  snow loss due to heat transfer 
   hs(r),    residual term (snow accumulation            between the ocean and snow 
   in leads, wind redistributed, blowing                   hs(f),   loss of snow by flooding   
   snow sublimation)                                    hs(ad), loss of snow by advection 
Contribution to the mean snow accumulation in a year: hs(sf) 22 %, hs(r) 78 % 
Contribution to the mean snow loss in a year: hs(as) 65 %, hs(os) 4.8 %, hs(f) 4.6 
  %, hs(ad) 0.005 %. 
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Figure 3. Latitudinal distribution of the mean 
snow depth (cm) and sea-ice thickness (m) 
for: a) OIB data, and b) daily model output. 
Mean values calculated for a given range of 
latitudes; c) latitudinal distribution of the sea 
ice/snow ratio for the OIB data (hr_OIB) and for 
the model data (hr_mod). 
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Latitudinal sea-ice thickness and snow depth distribution 
Snow mass budget 
Figure 4. Terms of the simplified snow mass budget: a) Snow sources (hs(sources) = hs(sf) + 
hs(r)) together with the total resulting snow depth from the model (hs), b)  Snow sinks 





































































Figure 5. a) Mean multi-year April snow depth (m) (hs_mean) from 2000 to 2013, mean 
snow depth anomaly for: b) april 2000 - hs_mean, and c) april 2013 - hs_mean.   
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Despite the simple snow parameterization, the model is capable to represent 
Arctic snow depth realistically for its depth and inter annual variability. By 
2013, the Arctic hs decreased 21 % with respect to the last decade multi-
annual mean mainly in first-year ice dominated areas. 65 % of the yearly 
accumulated snow is lost by sublimation and snowmelt due to the heat 
transfer between the snow/ice interface and the atmosphere. Snow 
representation can improve by adding snow redistribution processes, 
  specially in leads. 
We calculated the snow depth anomaly as the difference between hs_mean 
(April mean multi-year hs_mod from 2000 to 2013, Fig. 5a) and the April hs_mod 
for 2000 (hs_00) and 2013 (hs_13). After 13 years, snow depth anomaly shows 
a decrease to −3.8 cm (21 %) mainly occurring in April with only the central 
Canadian Basin with a slight decrease in snow depth of less than 5 cm (Fig. 
5c). This difference is one order of magnitude bigger than the change of 
snow for 2000 by −0.34 cm (1.8 %) (Fig. 5b).  
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Ku-Band Radar Penetration
Willatt et al. (2010), Field Investigations of Ku-Band Radar 
Penetration Into Snow Cover on Antarctic Sea Ice, IEEE  
Willatt et al. (2011), Ku-band radar penetration into snow cover 
on Arctic sea ice using airborne data, Annals of Glaciology  upper surface !11–15 cm below the snow surface. Figure 8
shows that in most cases the highest-amplitude peak in the
radar return echo is close to the snow surface; for 25% of
the returns in 2006, the dominant scattering surface of the
radar is closer to the snow/ice interface than the air/snow
interface, but for 75% the dominant scattering surfaces are
closer to the air/snow interface. This is to be expected due
to the altered microwave properties as temperatures ap-
proach freezing.
The radar returns from CryoVEx 2008 are shown in
Figure 9; during this campaign the measured snow tempera-
tures were up to –88C. Snow measurements for the 2008
data are from Haas and others (2008). The snow densities
measured in the snowpack at 1.96 and 2.06m below the CR
apex in FYI east (FYIE) were 400 and 270 kgm–3, respect-
ively. The ASIRAS data show power returned from the air/
snow and snow/ice interfaces. In FYI west (FYIW) the
average snow density was the highest of all the 2008 pits,
and an ice layer was recorded in a snow pit near the CR at
8 cm above the ice surface. The return at MYI south (MYIS) is
strange. The most likely explanation is that the snow and ice
properties may be different at the ASIRAS nadir point from
those at the nearest snow-depth measurement. As discussed
further in the conclusions, we recommend denser spatial
sampling of snow depth in future. The returns at MYI north
(MYIN), where the snow density was lowest, are from close
to the snow/ice interface. In our study on Antarctic sea ice
we also showed that returns were more likely to originate
from the snow/ice interface for low-density snow (Willatt
and others, 2010). For the 2008 CryoVEx data, 80% of the
radar returns for the dominant scattering surface were closer
to the snow/ice interface than the air/snow interface (MYIS is
not included in this percentage).
CONCLUSIONS
We showed radar return echoes from three CryoVEx
campaigns to examine the penetration of Ku-band radar
into snow cover on Arctic sea ice. We discarded data that
showed datation problems and corrected the data for offsets
between the CR locations to the antenna baseline, and the
reduced velocity of radiation as it propagated through snow.
The datation problem has now been resolved and so should
not affect future campaigns.
The Bay of Bothnia provided us with a calibration site at
which to look at the echoes when no snow cover was
present. We showed that the dominant scattering surface in
all the returns in the Bay of Bothnia campaign was the air/ice
Fig. 8. ASIRAS returns from 2006, displayed as for the Bay of Bothnia (Fig. 7) but with the addition of the position of the snow surface
measured in the fiel (‘snow’). S1CR1 and S1CR2 are on MYI, S2CR1 and S2CR2 on FYI. The average snow density measured in snow pits
near the CRs was 310, 240, 200, 260 kgm–3 at S1CR1, S1CR2, S2CR1 and S2CR2 respectively. Range bins from the snow surface
downwards have been corrected for the velocity of propagation through the snow. For 25% of the returns, the dominant scattering surface for
the radar is closer to the snow/ice than to the air/snow interface.
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(snow properties and surface roughness) on the resultant
freeboards from each technique:ESAL2,WfF and TFMRA40.
This supervised analysis also provides information on the
estimated accuracy of CS-2 freeboard retrievals over the fast
ice in McMurdo Sound. With information gained in an initial
evaluation,we subsequently develop three automatic free-
board retrieval procedures and assess the sea-ice regime in
McMurdo Sound for the entirety of 2011 and 2013.
First,we describe the study area of McMurdo Sound and
in situ information and provide an overview of CS-2 in
Section 2. In Section 3,we describe and discuss the surface
height retrieval procedure for CS-2 under each technique. In
Section 4,we manually identify sea surface height and
complete a supervised freeboard retrieval investigation
providing freeboard estimates for each technique and report
the findings of these results and their implications. Following
this,in Section 5,we describe the three automatic algorithms
used to assess the years 2011 and 2013 in a larger area of
McMurdo Sound. Results from these automated procedures
are then reported and discussed in the final sections.
2. CRYOSAT-2 ASSESSMENT IN McMURDO SOUND
This section describes the study area of McMurdo Sound,the
in situ investigation and provides an overview of CS-2. The
study area (Fig. 3) is located in the southwestern Ross Sea and
occupies an area of ⇠6400 km2. McMurdo Sound’s proxi-
mity to ice shelves and the outflow of cold ice-shelf water
from the ice-shelf cavity contributes to sea-ice formation in
this area (Purdie and others,2006;Dempsey and others,
2010;Mahoney and others,2011;Gough and others,2012;
Price and others,2014). This influence is hypothesized to be
present in similar settings around the Antarctic with potential
basin-wide implications (Hellmer,2004;Bintanja and
others,2013). At the time of writing,McMurdo Sound
harbors a first-year (FY) sea-ice regime with extensive areas
of highly homogeneous fast ice in its southern and western
extremities and the McMurdo Sound Polynya (MSP) at its
center. The MSP undergoes complete freeze-up and break-
out events throughout autumn and winter but is typically
open water during spring and summer. This open-water area
can become intermittently inundated with a cover of sea-ice
floes that have drifted south from the Ross Sea.
2.1. In situ investigations
During two in situ measurement campaigns in November
and December 2011 and 2013,sea-ice freeboard,thickness
and snow depth/density measurements were made for
comparison with CS-2 freeboard retrievals. The locations
of in situ measurements within McMurdo Sound are shown
in Figure 3. The in situ measurement campaign in 2011
along with an overview of sea-ice conditions in McMurdo
Sound is described in Price and others (2014),and these
same measurement procedures were carried out in 2013.
Even though the sea-ice conditions in 2013 were very
similar to 2011,it is important to note that surface
conditions were slightly different with regard to the snow
cover and surface roughness. The first of the differences was
related to sea-ice deformation. The sea-ice cover was more
deformed in the west in 2013,resulting in higher geometric
surface roughness. The second notable difference was in the
snow cover. In 2011 the snow was characterized as wind-
compacted,with a large variability in hardness,density and
Fig. 2. (a) Typical CryoSat-2 SIN mode waveform over snow-
covered sea ice in McMurdo Sound with labelling of characteristics
mentioned in the text. (b) An expanded view of the outlined grey
area in (a) from range bins 140–170 (1 bin = 0.234m) and the
expected retracking points on the leading edge for the techniques
described here:ESAL2 (40–70% orange),WfF (50–90% green) and
TFMRA40 (40% blue).
Fig. 3. (a) Location of the study area within the Antarctic.
(b,c) McMurdo Sound and the study area for 2011 (b) and 2013
(c),showing the distribution of CryoSat-2 tracks for those used in
the supervised analysis (blue lines),the automatic study period
(orange lines) and locations of in situ measurement sites (white
dots). The November fast-ice edge is displayed for each year (white
line). The full study area for each annual automatic analysis is
outlined in green. The validation line in Figure 4 is highlighted by
the black rectangle and expanded in (d) to show each in situ
measurement point (light blue dots) along the CryoSat-2 track.
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Figure 5.3. (a) Location of the study area within the Antarctic. (b, c) McMurdo Sound
and the study area for 2011 (b) and 2013 (c), showing the distribution of CryoSa -2 tra ks
for those used in the supervised analysis (blue lines), the automatic study period (orange
lines) and locations of in situ measurement sites (white dots). The November fast-ice
edge is displayed for each year (white line). The full study area for each annual automatic
analysis is outline in green. The validatio line in Fig. 5.4 is highlighted by th black
rectangle and expanded in (d) to show each in situ measurement point (light blue dots)
along the CryoSat-2 track.
(FY) sea-ice regime with extensive areas of highly homogeneous fast ice in its southern
and western extremities and the McMurdo Sound Polynya (MSP) at its center. The MSP
undergoes complete freeze-up and breakout events throughout autumn and winter but
is typically open water during spring and summer. This open-water area can become
intermittently inundated with a cover of sea-ice floes that have drifted south from the Ross
Sea.
5.2.1 In situ investigations
During two in situ measurement campaigns in November and December 2011 and
2013, sea-ice freeboard, thickness and snow depth/density measureme ts were made
for comparison with CS-2 freeboard retrievals. The locations of in si u measurements
within McMurdo Sound are shown in Fig. 5.3. The in situ measurement campaign
Different power thresholds applied on two 
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• Differences in gridded 
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November 2013 and 
March 2013 retrievals
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An observational approach with buoy data
• CryoSat-2 measurements are collected 
within a 50 km radius (red circle) around a 
considered buoy position (red dot)
An observational approach with buoy data
• A log-normal function is fitted to the 
CryoSat-2 freeboard distribution to 
retrieve the modal sea ice freeboard
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• For substantial snow 
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CryoSat-2 and coincident buoy records
• For substantial snow 
accumulation on multiyear 
ice, we estimate a thickness 
bias up to 1.4 m 
• During the snow accumulation periods we only find negative 
trends for the IMB ice freeboard while the IMB snow freeboard 
trends are always positive 
• Simultaneously we observe only positive trends for coincident  
CryoSat-2 radar freeboard estimates
• Ice dynamics in the vicinity of the buoy locations can interfere with 
these quantifications
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Introduction - The far-reaching Impact of Snow
Validation
What can we work on?
• Systematic validation studies of current snow depth products
• Seasonal in-situ measurements of snow and surface properties  
(stratigraphy, density, surface roughness)
• Improving snow relevant processes in models
• Improving passive microwave snow depth products
• Optimal Interpolation of different snow depth data sets
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